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PERFORMANCE CHARACTERISTICS OF 
AN ELECTROMAGNETIC PUMP* 
' I:e.vid .H. Thompson and Ray w. Fisher 
ABSTRACT 
The linear induction pump (76 laminations, 0.125-inch duct thick-
ness, 0.319-inch air gap) can produce a maximum no-flow pressure of 
0.734 psi and can pump 0.450 gpm against a 0.2 psi head. With an air gap 
of 0.443 inch and a pump section having a 0.250-inch duct thickness, the 
maximum no-flow pressure decreases to 0.551 psi, but the improved hydrau-
lic efficiency of the larger duct permits circulation of 0.9 gpm against 
a 0.2 psi head. The improvement in magnetic field strength from 78 
gauss/amp at 0.443 inch air gap to 103 gauss/amp at 0.310 inch air gap 
indicates the need for minimizing the pump air gap while maintaining a 
duct thickness consistent with good hydraulic efficiency. 
· With the same pump and pump section geometry, the use of chrome-
plated copper side bars doubled the pressure developed by the pump with- t. 
out side bars. Copper side bars wetted by the mercury produced a 20-fold 
improvement in developed pressure and increased the .pumping efficiency 
from 0.010% to d.l8%. The pump per..f.<?!ffiance with the wetted copper side 
~ This report is based on an M. s. thesis by David H. Thompson submitted 
August, 1960, to Iowa State University, Ames, Iowa. This work was done 
under contract with the Atomic Energy Commission. 
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bars was near ly 40% of that predicted for an ideal induction pump. This 
indicates the utmost importance of f l uid wetting for good pump performance 
and efficiency. 
The relatively good conductivity of tantalum, a ·major factor inthe 
poor pump efficiency, can be used to improve the performance character-
istics of the pump. Although they are less effective than copper as side 
bars, tantalum side bars will improve the performance characteristics of 
the pump when operating at high temperatures with high resistivity liquid 
metals. In order to retain the performance improvements obtained with 
side bars, sufficient flow area must be provided to prevent hydraulic 
lo~ses from nullifying the_ s~de bar effect. 
Increase of the pump duct width is beneficial to improved pump per-
formance. The increase in pump duct width is accompanied b,y an increase 
in power factor and a decrease in phase current. In addi tion, the in-
creased flow area decreases the hydraulic losses and decreases the eddy 
current density in the direction of fluid floW. The decrease in edqy 
current density improves pressure generation b,y the pump, particularly 
at high voltage, and the ·added fluid in the pump duct is, in effect, a 
liquid side bar. 
The magnetic field strength of the pump does not produce an apparent 
saturation of the stator laminations. However, because of the large slot 
widths in the stator, the mean value of the field strength .is reduced to 
just 0.6 of the maximum values reached. 
The phenomenon of fluid wetting of the pump duct wall and the use 
or side bars provide powerful tools for improving the linear induction 
pump performance characteristics. Full advantage or the improved per-
formance can be obtained if the hydraulic losses are minimized by using 
:: 
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a pump section with large duct width, which also improves the power fac• 
tor and decreases the phase current requirements of the pump. 
vi 
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I. INTRODUCTION 
Reference designs of several major reactor concepts (1) based on 
current values of reactor parameters indicate that net plant efficien-
cies of 300 Mw(e) power reactor plants constructed today would lie be-
tl'Teen 24% and 31%. Total power costs of these power reactor plants (2) 
would vary between 9.56 mills per kwhr and 14.72 mills per kwhr. The 
Eddystone No. 1 Unit of the Philadelphia Electric Company represents the 
most advanced coal-fired plant under construction in the United States. 
This super-critical 325 Mw(e) plant is anticipated to operate at a net 
plant efficiency of 42.6% with total power cost of approximate~ 6 mills 
per kwhr. 
Power reactor efficiencies comparable to the coal-fired plant effi-
ciency can be achieved at reactor outlet temperatures above 500 c. Liq• 
uid metals provide one means of attaining such temperatures without re-
quiring high system pressures. However, until the advent of nuclear 
power generation, liquid metals technology was primarily limited to the 
knowledge gained from the use of mercury boilers for power generation 
and from the use of sodium as an internal combustion engine exhaust 
valve coolant. 
Test loops have been used to obtain much basic information about 
liquid metals. Corrosion and erosion of container materials, tempera-
ture-dependent mass transfer and heat transfer are among the many phe-
nomena that can be investigated with test loops. In addition to the in-
vestigation df liquid metals behavior, the reliability and dependability 
of pumping and fluid metering equipment and other system components m~ 
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be determinede Thus, as a means of furthering liquid metals technology, 
the test loop serves a multiplicity of purposes. 
the object of this report is to determine the performance charac-
teristics of a small linear induction electromagnet,ic pump suitable for 
high tempel'ature liquid metal teat loop operation and to investigate 
methods b,y which the performance of the pump m~ be improveda 
.3 
II. REVTh'W OF LITERATURE 
The interaction of current and a magnetic field in a liquid con-
duc.tor was utilized by Northrup ( .3) in 1907 to produce a hydrostatic 
pressure of 9 inches·of water by using 6oO amperes of current in mercu-
ry. At that time he postulated that this phenomenon could be utilized 
as a large capacity ammeter and was likely to result in new and useful 
applications. 
Einstein and Szilard patented in 192tl the idea of an annular induc-
tion pump for use with alkali metals. In 1942, Feld and Szilard (4) de- . 
tailed the calculations necessary to design an annular induction pump 
for · liquid bismuth. 
One of the earliest applications of electromagnetic pumping was in 
the metal casting industry (5). Electromagnetic pumps were used to 
transfer molten aluminum from furnaces to die casting machinery, elimi-
nating hand ladling or tilting machinery and delivering slag-free metal. 
Much descriptive information on electromagnetic pumps is recorded 
in the literature of the United States and the United Kingdom. However, 
Watt (6) and Blake (7) were used as the basic references 'in eleotromag-
netic pump theory. 
MaQY types of electromagnetic pumps have been developed in the dec- . 
ada since nuclear power gained prominence and they can be classified as 
follows: 
I. Conduction pumps 
A. Direct current 
B. .Alternating current 
4 
II. Induction pumps 
A. Annular 
B. Helical 
c. Linear 
D. Rotating magnet 
All electromagnetic pumps depend upon the interaction between a 
current and a magnetic field to produce a force on the liquid metal or-
thogonal to both the direction of current flow and the magnetic field 
direction. The conduction pumps require high current at .low voltage. 
This current is supplied to the liquid metal in the pump duct through 
electrodes brazed to the pump duct wall. Rectifiers can be used to sup-
ply current to small direct current conduction pumps but the homopolar 
generator with liquid metal brushes is the only efficient current sup-
ply for large pumps. Current requirements of direct current conduction 
pumps vary from 4,500 amperes at 0.6 volt for a pump (8) capable of 
pumping 10 gpm of 500 C bismuth at 60 psi head to 250,000 amperes at 2.5 
volts for the primary system coolant pump of the EBR II (9) capable of 
pumping 10,000 gpm of 700 F sodium at 25 psi head. 
The lovT voltage insulation requirement of the direct current con-
duction pump minimizes the effect of insulation deterioration when oper-
ating in highly radioactive areas at high temperature. 
Alternating current conduction pumps are basically the same as the 
direct current conduction pumps. The magnetic circuit must be laminated 
to reduce edqy current and iron losses. High currents are obtained from 
;,: 
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transformers that can be built as an integral part of the pump. Alter-
nating current conduction pump size is limited by power factor consider-
ations and the alternating current conduction pumps are less efficient 
than direct current conduction pumps. 
Alternating current induction pumps depend upon the moving magnetic 
field of a polyphase winding to induce eddy currents in the liquid metal. 
The linear induction pump is the most commonly used induction pump and 
consists of a pump section located between two laminated stators that 
contain the polyphase windings. Copper side bars connected to the edges 
of the pump duct serve as a return path for the eddy currents in a man-
ner analogous to the end rings of an induction motor rotor. The linear 
induction pump operates without a high current povrer source and the dou-
ble stator construction facilitates removal of the pump without disturb-
ing the remainder of the system. 
One of th~ largest linear induction pumps constructed is the second-
ary sodium coolant system pump of the EBR II (10) that has a capaci~y of 
5,ooo gpm of 850 F sodium at 40 psi head with a 43% operating efficiency. 
Eddy current paths in the liquid metal pumped by an annular induction 
pump close on themselves, eliminating the need for copper side bars. The 
annular pump duct is located around a radially laminated central core and 
inside an outer stator that contains the windings. This construction pro-
duces a stronger pump duct than is normal in the linear induction pump 
but does not allmi pump removal without system disturbance. 
The helical induction pump closely resembles the induction motor in 
appearance and operation. The rotating magnetic field of the stator 
6 
causes rotation of the liquid metal in the cylindrical duct between the 
stator and the "blocked" rotor and spiral guide vanes in the duct impart 
axial motion to the rotating fluid. The helical induction pump is gener-
ally used for low flow, high pressure applications. 
The rotating magnet induction pump (11) combines features of both 
the conduction and the induction pump. The pump duct is in the form of 
a nearly closed circle with welded side bars. A magnet assembly located 
on both sides of the pump duct and rotated mechanically produces the mov-
ing magnetic field. Direct current excitation of the magnet assembly 
produces high magnetic field strength and the power factor of the pump 
is the near unity power factor of the motor. The rotational velocity 
of the pump can be varied and the rotation provides cooling for the mag-
net assembly. 
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III. REVIE\!f OF THEORY 
High electromagnetic pump efficiency requires a small air gap, high 
magnetic field strength, low slip velocity, and low resistivity liquid 
metal. The limitation imposed on the magnetic field strength by tooth 
saturation, the requirement of large duct cross section to reduce hydrau-
lie losses, and the need of sufficient slot depth to allow coil cooling 
at the expense of power factor and useable flux are among the compromises 
involved in linear induction electromagnetic pump design. These compro-
mises between the electrical and hydraulic requirements result in a low 
efficiency. 
Induction pumps incur losses having no parallel in induction motors. 
The finite length of the linear stators and the resulting discontinuity 
of the traveling magnetic field produce a stationary pulsating magnetic 
field at each end of the induction pump. The transient currents produced 
in the liquid metal by the pulsating field further reduce pumping effi-
ciency. 
The sharing of current between the metallic pump duct wall and the 
liquid metal is common to all electromagnetic pumps. The average current 
in the liquid metal, per unit of pump duct length, is 
I = (1) 
where 
s = slip 
v5 = velocity of the magnetic field 
t = thicKness of the pump duct parallel to the magnetic field 
8 
Bm = maximum value of the magnetic field 
p • resistivity of the liquid metal 
Slip in the induction pump is calculated in the same manner as for 
an induction motor. 
where 
s • 
v - v s 
v • velocity of the liquid metal on the pump duct 
(2) 
The average current in the pump duct tiall, per unit of pump duct 
length, is 
where 
t • thicKness of the pump duct wall 
w 
Pw • resistivity of the pump duct wall material 
(3) 
Equations (l) and (3) are developed for the fully wound central re-
gion of a linear induction pump possessing infinite width or finite width 
with conducting side bars. The side bars offer negligibie resistance to 
eddy current flou parallel to the direction of fiuid flow. 
The ratio of current in the pump duct wall to current in the liquid 
metal. at any fluid velocity varies inversely with the slip. 
(4) 
I t Pw s 
The wall loss parameter, also known as ~h@ wall/liquid conductivity ratio, 
: 
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X, is defined as 
X = (5) 
Thus, equation (4) can be expressed as 
- = (6) 
I s . 
The maximum electrical efficiency of the pump section is governed by 
the wall loss parameter. 
"'e 
1 - s 
=-
1+! 
s 
(7) 
The theoretical efficiency of the pump section in a fully wound central 
region of a linear induction pump is 
"'t .. "'e "'h (8) 
where "'h is the hydraulic efficiency. The calculation of theoretical 
efficiency does not include the end. losses due to the stationary pulsat-
ing magnetic field or the eddy currents induced in the liquid metal out-
side of the magnetic field. 
The average pressure developed in the pump duct per unit of length 
in the central region of a fully wound linear induction pump is 
2 
sv8 Bm 
p = (9) 
2p 
If equation (9) is valid over the entire length of the pump, the total 
10 
developed pressure would be 
where 
or 
p • 
2p 
nX • effective length of the ptunp 
p .. 
2 (v - v) nX B · s rms 
p 
(10) 
(11) 
2 Power loss in the liquid metal results from the I R losses of the 
eddy currents in the liquid metal. 
p • 
2p 
where 
t • thickness of the pump duct parallel to the magnetic field 
w = width of the pump duct parallel to current flow 
nX = effective length of the pump 
(12) 
2 Power loss in the pump duct wall results from the I R losses of eddy cur-
rents in the pump duct wall. 
p • 
w 
Pw 
The ideal power output in the liquid metal is 
p 
0 = 
2 ~ 2 ( . 
vs t w nA Bm 1 - s) s 
2p 
(13) 
(14) 
;. 
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The liquid metal po1-rer loss, pump duct wall power loss, and the output 
power are related by wall loss parameter and slip. Comparison of equa-
tions (12), (13), and (14) shows that 
p X p • w (1 - s) s 0 
(15) 
p • --..!.__ p 0 
1 - s 
(16) 
p :s .!.p 
w 82 
(17) 
Power losses in the liquid metal and the pump duct wall do not constitute 
the total induction pump power loss. However, the other losses are small 
in comparison. 
The actual power output in the liquid metal is determined from 
(P o>actual = (p)actual t w v (18) 
The actual operating efficiency of a linear induction pump is given 
by 
·' 
(P ) 
o actual (19) ., . 
total input power 
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IV. OBJECT OF THE DP.n.J:STIGATI ON 
Bismuth and other liquid metals are capable of dissolving sufficient 
fissionable material to make them attractive as reactor fuels. Unsuit-
able properties of many container materials require the use of refractory 
metals to contain these liquid metals at high temperatures. However, at 
these temperatures the refractory metals must be protected from the at-
mosphere because of poor oxidation resistance. 
Efficiency considerations would dictate the choice of a conduction 
pump for circulating bismuth and other heavy liquid metals. The require-
ment of a high current pmver supply for the conduction pump and at tendant 
problems of double wall pump section design to combat metal oxidation 
relegate efficiency to a matter of secondary importance. However, the 
problems presented by the conduction pump have necessitated the use of a 
linear induction pump for high temperature test loop operation. 
The linear induction pump has proven its ability to operate at tem-
peratures near 1000 C for long periods of time (12). It was previously 
used to insure circulation in test loops without regard to maintenance 
of a specific flow rate. The only available information on perf ormance 
of this pump was that it would pump 85 pounds of 400 C bismuth per minute 
at a 1/2-inch bismuth head (13). 
The desirability of constructing test loops in which design condi-
tions of flow rate and heat transfer can be maintained have necessitated 
the determination of performance characteristics of the linear induction 
pump. 
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V. DESCRD:'TION OF EQUil'1'ENT AND i'.ilOCJ:::DUlmS 
The linear induction pump sho'tm in Figure 1 is a two pole, three 
coil, Y connected, three phase pump. The pump consists of an upper and 
a lower stator wit.n tne three coils located in tne lower stator. The 
., 
pole pitch of the pump is six inches and produces a magnetic field veloc-
ity of 6o feet per second at 60 cycles per second power frequency. Each 
stator contains 76 laminations of 24 gauge hot rolled high silicon magnet 
core iron ~rlth dimensions as shown in Figure 2. The laminations are in-
sulated from each other with 0.00~-inch mica sheet. The two outer coils 
of 140 turns and the center coil of 120 turns are w·ound of 12 gauge heavy 
formvar insulated copper magnet wire. 
Pump sections with duct thicknesses of 0.063, 0.12~, 0.187, and 
0.250 inch were fabricated from 0.752 inch OD tantalum tubing (0.030-inch 
:t-raJ.l thiclmess) sheathed with 3/4-inch (nominal) schedule 40 inconel 
pipe. 
Mercury, a typical heavy metal with high resistivity, high density, 
and high Viscosity, -vras the· liquid metal used in this experiment. The 
use of mercury circumvented problems involving welded loop construction 
and the use of radiography to take pressure head measurements that would 
have been encountered by using another of the heavy metals. 
A venturi meter was used to measure mercury flow because of inher-
ently good accuracy and low hydraulic loss of this flow measuring instru-
ment. The venturi meter was constructed to the proportions recommended 
by the Committee on Flow Neasurement of the International Organization 
for Standardization (14, P• 45). The ideal equation for the venturi 
14 
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meter was developed from the Bernoulli equation and the continuity equa-
tion for incompressible fluids. The actual pressure head-flow relation-
ship was determined by using a Viking positive displacement pump to cir-
culate mercury at known flow rates. The discharge coefficients of the 
venturi meter were determined as the ratio of pressure head at actual 
flow to that predicted from the ideal equation. 
Pump output was controlled by controlling the input voltage with a 
type 136-3Y three phase Pmierstat variable transformer rated at 20 am-
' 
peres, 240 volts, and 9.7 kva. All three phase readings were taken from 
a Westinghouse type TA industrial analyzer. Individual phase readings 
were obtained with a Simpson 269 ultra high sensitivity volt ohm micro-
ammeter, a Simpson 15 amp ammeter, and a Weston model 310 single phase 
wattmeter. 
Hydraulic losses in the pump sections were calculated from pressure 
drop measurements made with water. The equivalence of friction factor in 
a geometrically similar system at a constant Reynolds number provided the 
basis for the calculations. The pressure drop relationship between mer-
cury and water for the pump sections tested was obtained from the Darcy 
equation, as derived in the Appendix. 
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VI. OtlrLINE OF EXPERilVIENTS AND RESULTS 
A. Basic Performance Characteristics 
The performance characteristics of the linear induction pump with a 
pump section of 0.125-inch duct thickness are shown in Figure 3. The 
· largest measured flow rate of 0.476 gpm through the 0.112 sq in. cross 
section at a velocity of 1.365 feet per second produced a Reynolds num-
ber of 19,740 in. the pump duct and a slip of 97.8%. The high Reynolds 
number and resulting hydraulic losses are indicative of heavy liquid met-
als and severely limit the flow rate, as indicated in Figure 3. 
The wall loss parameter, X, from equation (5), for this pump duct, 
neglecting the outer inconel sheath of the pump section, is 3.456. Thus, 
because the pump ·is operating at near 100% slip, the average current in 
the tantalum pump duct wall is approximately 3.5 times larger than the 
average current in the mercury. 
The ideal power losses computed from equations (15) and (16) with 
wall loss parameter X = 3.456 and slip • 0.978 yield P : 160.5 P and 
w 0 
P = 44.5 P0 • Note the preponderance of loss in the pump duct wall and 
total power loss of over 200 times the actual output power. Calculation 
of the ideal efficiency is unnecessary as the magnitudes of power loss 
suffice to explain the very loif efficiency. 
The performance characteristics of the pump with a pump section hav-
ing a 0.250-inch duct thickness are shown on .Figure 4. The effect of the 
reduced magnetic field strength at the increased air gap is evident in 
the lower pressures developed. Also clearly evident is the much 
.. 
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Figure 3. Induction pump performance characteristics 
(76 laminations, 0.125-inch duct thickness, 
0.319-inch air gap). 
0.8 
·u; 
Q. 
20 
I.Or.------r-~-----.------......--------.-----, 
0.8 
~ 
C\J ~ 
0 ~ 
0 0 
0 0 
I o 
240v I 
~ 0 
CD 
0 
0 
0 
I 
~ PERFORMANCE CURVE 
-b- HYDRAULIC LOSS 
EFFICIENCY 
~ 0 
Q) 
0 
0 
0 
I 
I 
0 .4 0.6 
FLOW RATE, gpm 
Fieure 4. Induction pump performance characteristics 
(76 laminations, 0.250-inch duct thickness, 
o.!!43-inch air gap) .. 
0.8 
21 
decreased hydraulic loss resulting from the increase in pump duct cross 
section from 0.112 sq in. to 0.209 sq in • .'The flow rate of o.690 gpm 
produced a velocity of 1.055 feet per second in the pump duct at a 
Reynolds number of 29,400 and a slip of 98.2%. The wall loss parameter 
for this pump duct is 1.656 and at the slip of 0.982, Pw = 96 P0 and 
P • 56 P • Thus, although the power loss in the mercury is greater than 
0 
that for the 0.125-inch duct thickness' the wall loss is sufficiently 
decreased to decrease the total power. loss. The total power loss of 
162 P is 79% of the total power loss in the 0.125-inch duct and the de-
o . . 
creased po,~er loss for the larger duct is indicated on Figure 4 as in-
creased efficiency. 
Although the over-all operating efficiency of this pump is very low, 
I 
correspondingly low efficiencies have been noted for an alternating cur-
rent conduction pump circulating bismuth at similar flow rates (15). 
The characteristics of the pump with pump sec.tions of different duct · 
thicknesses will be typical of the characteristics described. Higher 
pressures can be generated im pump sections with decreased duct thickness 
and decreased over-all pump section air gap at the expense of hydraulic effi-
ciency. The large air gap necessary with pump sections having large duct 
thicknesses reduces the pressure that can be generated, but improves hy-
draulic efficiency. This is one example of the compromise necessary be-
tween linear induction pump electrical and hYdraulic requirements. 
. ,. 
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B. Stator Modification 
The improvement in magnetic field strength and resulting pressure 
increase with decrease in air gap gave rise to the idea of increasing 
excitation and magnetic field strength by decreasing the amount of iron 
in the stators. The pump section with 0.250-inch duct thickness was uti-
lized for comparison purposes. Tabulated in Table 1 are the effects of 
lamination change at constant voltage. 
Table 1. Pump parameters at constant voltage 
laminations 
voltage, phase current, power, no-flow pressure, 
.volts amperes watts psi 
76 200 15.8 610 0.36o 
66 200 16.6 690 0.382 
56 200 17.1 750 0.430 
47 200 18.7 925 0.476 
The decreasing impedance of the stators with decrease in number of 
laminations produces a corresponding increase in average phase current 
and in power consumed. The increase in no-flow pressure with decrease 
in number of laminations is directly attributable to the increase in 
phase current. 
Perhaps a better method of illustrating the effect of lamination 
change would be to use constant phase current as the basis of comparison. 
In Table 2 are tabulated the pump param.eters at constant phase current. 
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Table 2. Pump parameters at constant phase current 
voltage, phase current 1 power, no-flow pressure, 
laminations volts amperes watts psi 
76 23S 18.7 930 o.SlS 
66 224 18.7 920 0.480 
S6 217 18.7 91S 0.491 
47 200 ltl.7 92S o.476 
The nearly constant power cons'Wllption and no-now pressure at the 
average phase current of 18.7 amperes indicate that the postulated im-
provement in magnetic field strength at constant current with a decrease 
in laminations failed to materialize. 
The slight improvement of max:1lnum pressure generated by' the 47 lam-
ination pump, aa shown in Figure S, over that of the 76 lamination pump 
(Figure 4) was produced at a current overload condition in the variable 
autotranst9rmer. This improvement was insufficient to warrant the over-
load conditions in the autotransformer and pump windings and the added 
cooling capacity necessaey for continuous pump operation. 
c. Side Bars 
The use of side bars as a means of reducing resistance to eddy' cur• 
rent flow has been supported in the literature. · It has been found (16) 
tor a pump duct width of four to five times the pole pitch or under con-
ditions of low slip that the · side bars can be eliminated without adverse-
1y affecting the pump performance. 
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Many of the pump sections used in large linear induction pumps are 
fabricated in a rectangular shape. Side bars are easily brazed to the 
flat edges of rectangular pump sections, as indicated in Figure 6. 
bars--------------------
.L;,ump duct wall 
Figure 6. Cross section of a rectangular pump section with side bars. 
The cross-sectional view of the pump section with a 0.125-inch pump 
duct thickness is shown in Figure 1. The geometry of the inconel-sheath-
ed, tantalum pump sections is not conducive to simple external side bar 
fabrication. It would be necessary to machine the side bars to fit the 
contour of the pump section, as shown in Figure 8. 
Because of the high resistivity of the inconel sheath, the lack of 
a metallurgical bond at points of contact bebreen the tantalum pump duct 
wall and inconel sheath with resulting poor electrical contact, and the 
separation between the tantalum and inconel at the edges of the duct, 
the use of side bars fabricated to the outside of the pump sections as a 
means of improving pump performance was questionable. It was adjudged 
necessary, under these conditions, to insert the side bars directly in 
the pump duct to assess their value accurately. The side bars were two 
0.250-inch round copper rods the length of the pump maintained at the 
outer edges of the duct. Figure 9 shows representative copper side bars 
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Fi gure 7. Cross section of 8. pu m:J section with 0 .125-inch duct 
t h i c lmess. 
Pi gu re 8 . Posi tion of ext e r na l side bars . 
Pi gur e 9 . Copp er side b nrs in t he pump duct. 
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in a pump section with 0.12)-inch duct thickness. 
The side bars in the pump duct are in contact with only the liquid 
metal. The decrease in resistance to eddy current flow in the liquid 
metal because of the high conductivity of the copper side bars is not 
provided the eddy currents induced in the tantalum or inconel. Thus, 
the currents induced in the tantalum and inconel remain at the same mag-
nitudes as if no side bars were present. If effective external side bars 
could be brazed to the pump section, the eddy currents in the tantalum 
and inconel would also rise. The side bars in the pump duct are advanta-
geous as a means of increasing the eddy currents in the liquid metal 
2 
without increasing the eddy currents and the I R losses in the tantalum 
pump duct wall and incone~ sheath. 
Copper side bars, having a resistivity of 1.8) microhm-em at 8) F, 
~low . a current density )2.4 times larger than that in the equivalent 
geometry of mercury for the same voltage drop. The decreased voltage 
drop in the direction parallel to the fluid flow permits a larger voltage 
drop across the duct, increasing the eddy currents and pressure gener-
ated. The copper side bars were chrome-plated for the first run to pre-
vent wetting of the copper by the mercury, thus maintaining the non-
wetted conditions that have existed in the pump duct. 
The performance characteristics of the 47 lamination pump with 
chrome-plated copper side bars are sho~m in Figure 10. The use of these 
side bars approximately doubled the no-flow pressure produced without 
the side bars and improved operating efficiency. 
Use of copper side bars produced a pronounced improvement in both 
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pressure and efficiency, as sho;m. in Figure 11, due entirely to the 'lvet-
ting of the copper side bars by the mercury. The use of side bars did 
not alter the phase current requirement, as indicated in Table 3· 
Table 3. Effect of side bars at constant voltage 
voltage, phase current, power, no-flow pressure, 
side bar volts amperes watts psi 
none 100 9.1 160 0.119 
chrome-plated Cu 100 9.1 170 0.249 
Cu 100 9.2 210 2.330 
The increase in pressure with the use of the copper side bars is in-
dicative of the magnitude of the eddy currents produced in the liquid 
metal and is inversely proportional to the total resistance of the edqy 
current npaths. 11 Of special importance is the 10-fold increase in pres-
sure due to the destruction of the interface that existed betWeen the 
mercury and copper in the non-wetted condition. This .indicates the re-
sistive nature of the interface. 
The wetted copper side bars are an approximation to the infinitely 
conducting side bars described in the development of induction pump the-
ory. The theoretical developed pressure for this pump from equation (11), 
with v a 6o feet per second, n>. .,. 12 in., p = 96.73 microhm em, and 
s ' 
B2 = 7.220(105) gauss2, is 6.04 psi. The wetted copper side bars, al-rms , 
though providing a low resistance path for the ed~y currents, are far 
from being the infinitely conducting side bars referred to in the 
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development of pumping theory. In addition, the stationar.y pulsating 
magnetic fields at the ends of the stators, the edd,r currents in the liq-
uid outside the magnetic field, and other non-ideal characteristics of 
this pump further remove it from ideal behavior. However, the 2.33 psi 
produced with the wetted copper side bars is nearly 40% of the pressure 
predicted from ideal induction pump theory. 
D. Duct Modification 
A material with the conductivity of copper that could serve as a 
side bar in the pump duct and be compatible with corrosive .liquid metals 
at high temperature is nonexistent as yet. The effect of side bars can 
be obtained in part by the use of wider pump ducts. The increase in 
cross-sectional area of a pump duct with increase in pump duct width 
should effect a corresponding decrease in current density and resistance 
to current flow in the liquid metal although the length of eddy current 
"paths" mq be increased. 
Three pump sections made of electrical conduit were used to determine 
the effect of an increasing pump duct width on the pump performance char-
acteristics. The 3/4-, 1-, and 1 1/4-inch (nominal) conduit, when rolled 
to a duct thickness of 0.250 inch, produced pump sections with duct 
widths of 1.164, 1.505, and 2.074 inches respectively. 
To illustrate the effect of pump duct width on performance charac-
teristics, independent of the pump used in the experiment, the variables 
were plotted as a function of the pump duct width/pump width ratio. The 
no-flow pressures produced were plotted on a relative basis with the 
33 
pressure developed at lUO volts for the 0.765 pump duct width/pump width 
geometry taken as unity. This was don,e to avoid confusion between these 
pressures and the ,pressures characteristic of the pump with the inconel-
sheathed, tantalum pump sections. 
Unlike previous improvements in pressure as a result of phase current , 
increase, the increase in pressure with increasing pump duct width was 
accompanied by a decrease in phase current, as shown in Figure 12. The 
near-linear increase of pressure with increase in pump duct width veri-
fies the effect of decreasing the eddy current density and the rate of 
increase is proportional to the magnitude of the edqy currents induced 
in the liquid metal. 
The voltage in a three wire, Y connected, system with unbalanced 
load, as in the pump, must be distorted to allow the vectorial sum of 
phase currents to be zero. Pow·er factor determined from an analyzer for 
such a system is meaningless. Thus, power factor for this system will 
be defined as 
power fact or ... input power (20) 
J3 L line voltage L phase current 
3 
The povrer factor and average phase current indicated in Figure 12 
at constant voltage are tabulated in Table 4 with other individual phase 
data for the three conduit pump sections. In each case, a and A refer 
to the coil at the inlet end of the pump, b and B refer to the center 
coil, and c and C refer to the coil at the outlet end of the pump. 
A characteristic of the small pump duct width/pump width ratio of 
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Table 4. Induction piunp phase parameters ar constant voltage 
line voltage phase voltage phase current 
pump duct width/pump width volts volts amperes 
Eab Ebc Eca Ean Ebn Ecn A B c 
0.765 131 130 129.6 82.0 66.0 82.4 6.1 4.9 6.0 
0.988 1.32 130.4 130.2 82.0 66.5 82.1 5.44 4.3 5.2 
1.361 131.8 130.2 129.2 81.0 64.8 80.8 5.16 4.18 4.96 
w 
\Jl. 
phase power phase power average relative 
pump duct width/pump width watts factor power no-flow 
A B c A B c factor pressure 
0.765 183 59 -21 0.366 0.183 -o.043 0.165 2.19 
0.988 191 77 18 0.428 0.274 0.042 0.254 2.58 
1.361 210 100 53 0.502 0.369 0.132 0.337 3.3 
0.765 is the negative power input to coil c. This means the current i n 
coil C is out of phase more than 90° with the voltage and implies that 
the liquid metal is returning power to the coil as it leaves the pump. 
Because of the high slip and the three phase windings on a common 
magnetic core, the windings of the pump are capable of acting as the pri-
mar,y of a three phase transformer. A negative power condition can be 
' produced -in one phase o£ a three phase transformer if the transformer is 
\ 
supplying an unbalanced inductive load. The unbalanced load existing in 
this pump at the relatively low pump duct :width/pump width ratio of 0.765 
~ have been sufficient to produce the negative power condition. 
E. Magnetic Field Strength 
The magnetic field strength of the pump was calculated from the induced 
voltage in a small search coil placed in the air gap between the stators and 
moved from one end of the pump to the other end. The values of field strength, 
as shown in Figure 13, for a representative pump geometry, indicate a linear 
increase of field strength with voltage. At these values of field strength 
no tooth saturation is evident and the low field strength at the ends of the· 
stator minimizes the losses incurred because of stator discontinuity. 
The large drop in field strength across the slots in the stator is ' 
a result of the large -air gap and decreases the mean value of field 
strength over the .entire length of the pump to approximately 0.6 the mag-
nitude of highest flux produced. 
The magnetic field of an annular induction pump produced by a Y 
connected, one slot per pole per phase, winding has been shown to have 
. 
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strong fifth and seventh harmonics (17). The fifth harmonic, traveling 
in a direction opposite to that of the fundamental, and the seventh har-
monic, traveling in the same direction as the fundamental but at a slower 
speed, both produced a braking action in the liquid. 
There is no reason to believe that harmonics do not exist in the 
magnetic field produced by the linear induction pump. However, the wave-
form of the search coil output at each measured point along the stator, 
observed with an oscilloscope, was sinusoidal in nature and none but the 
fundamental wave was observed. Any existing harmonics were undetected 
and thus their effect is neglected in this discussion. 
Figure 13 does not indicate the instantaneous field values, but in-
dicates the maximum rms value of the field reached at any time resulting 
from the combined effect of all three phases. The instantaneous flux 
distribution in the air gap of the pump, at 100 volts, is plotted in Fig-
ure 14. These curves were produced by synthesis of the individual phase 
flux distributions. The individual phase flux distributions were obtain-
ed by operating each coil separately at the same current, also the same 
ampere turns, that was drawn by that coil when operating from the three 
phase power supply. The currents in the three coils were assumed to be 
displaced the normal 120 electrical degrees, as shown at the top of Fig-
ure 14. The magnitude of the current, direction of current flow, direc-
tion of coil insertion in the stator, and the resulting direction of flux 
at each point in the stator for each coil were other considerations nec-
essary in the instantaneous flux distribution calculations. The calcu-
lations were made for the four instants of time T1, T2, T3, and T4, with 
-"[ I 
-----T2 
--T3 
-·-T4 
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6o electrical degree spacing between adjacent time instants. 
Figure 14 furnishes visual evidence of the moving magnetic field. 
The distance moved by the field in 60 electrical degrees is the distance 
betv1een adjacent pole faces, or two inches. In one cycle (360 electrical 
degrees) the field moves on~ foot and with 60 cycles per second power the 
velocity is 60 feet per second. The area bounded by the instantaneous 
flux distribution curves remains nearly constant, indicating that the ef-
fective flux does not vary with time. Thus, the three phase windings 
produce a constant effective magnetic field that travels at a uniform ve-
locity. 
The waveform of the ideal flux distribution is sinusoidal in nature. 
Control of the waveform is obtained in the design of the windings and the 
layout of the coils ma!dng up the stator vdndings. The flux distribution 
in the air gap of this pump is not sinusoidal, as indicated in Figure 14. 
This is a result of the single coil per phase winding, but the waveform 
can be improved by increasing the number of slots per pole to proVide a 
distributed winding over the stator length. 
Figure 13 is actually the envelope of all instantaneous flux distri-
2 bution curves. The average value of B from Figure 13 was obtained by 
rms 
squaring each ordinat~ of the curve and measuring the total area under 
the resulting curve Y..Ti.th a planimeter. Division of the total area by the 
length of the stator provided the average value of the field strength 
over the length of the pump. The s~ procedure was used to determine 
the effective value 'or B;ms ;-rom Figure 14. 
2 6 
value of Brms from Figure 13 was 1.041(10 ) 
At 100 volts, the average 
2 gauss and the effective 
2 6 2 
value of Brms from Figure 14 was 0.)18(10 ) gauss • The effective value 
of B;ms is half that determined from the maximum flux density distribu-
tion. This relationship permits the calculation of the .effective value 
2 ' 
of B from the measured tl~ee phase flux distribution and is much sim-
rms 
pler than individually measuring each phase flux di stribution in order 
to arrive at the same value of effective magnetic field strength. 
The nonmagnetic characteristic of the pump section materials will 
not diminish these values, 9ut the magnetic fielps produced in the liquid 
metal by the large eddy currents may be large enough to decrease the ef-
fective value of the field in the liquid metal. 
The effective magnetic field strength produced in the 0.443-inch air 
gap, irrespective of the number of laminations in the stators, is approx-
imately 78 gauss/amp. This value is increased to 103 gauss/amp with a 
decrease in air gapto 0.310 inch. The result of the constant magnetic 
field per unit current excitation was indicated in Table 2 as a nearly 
constant no-flow pressure developed, irrespective of the number of stator 
laminations·, for a constant phase current. 
The I~ losses in the windines of some linear induction pumps have ' 
been halved by placing windings in both the upper and lo1-1er stators. The 
same ampere turns excitation can then be obtained with half the current 
supplied to each winding group. This was attempted with the linear in-
duction primp by removing the top stator and replacing it l-Tith the bottom 
stator from another pump. The coils directly opposite each other across 
the pump section were fed from the same .phase so not to disturb the trav-
eling field by having the coils out of phase. 
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. Transformer action by one group of coils was detrimental to the op-
eration of the other coil group. The induced effects caused b,y one wind-
ing group liad to be overcome b,y the second group before any contribution 
to the magnetic fieid strength by the second coil group could be made. 
The maximum magnetic field strength produced b,y the operation of a single 
winding group was comparnble to that obtained in the regular linear in-
duction pump at the san~ voltage. Operation of both winding groups pr6-
duced a flux that was only 20% higher than that produced by one winding 
group. However, the depression of the flux was much more severe across 
the slots, now on both sides of the pump section, than for the regular 
pump geometry. Thus, the effective value of the magnetic field was about 
the same as for the regular pump geometry. 
At 150 volts and above the pump vibration increased markedly. This 
( . 
vibration indicated that the coils might not have been phased properly 
for correct operation. Corrective measures ,~re not taken because the 
large depression of the flux across the slots nullified the increased 
\ flux at the pole faces and ·the resulting effective flux was not increased 
over that produced w~th . the regular pump geometry. 
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VII. SUGGESTIONS FOR FURTHER INVESTIGATION 
If induction pump design could conceivably be considered in just two 
phases, the first phase would encompass winding and stator design for 
maximum magnetic field strength and the second would be concerned with 
the utmost utilization of the magnetic field produced. 
The most desirable waveform of the traveling magnetic field is a 
sinusoid. The single slot per pole per phase winding of the linear in- . 
duction pump studied produces a stepped magnetic field, but this can be 
improved b,y using a 'distributed winding with an increase in the number of 
slots per pole. A reduction of the losses incurred as a result of the 
pulsating magnetic field at the stator ends and an improvement in the 
production of a nearly pure traveling wave can be realized by one of sev-
eral methods of winding the end poles of the stator to gradually increase 
the magnetic field. In practice the double layer winding lends itself 
admirably to field grading, ~hich is the term given these winding meth-
ods. The use of a single winding on the end poles of the stator allows 
the magnetic field strength to be increased gradually at the ends of the 
stator and reduces the magnitude of the eddy currents flowing in the liq-
uid outside .of the magnetic field. 
Because of the lack of parallel in induction motor theory of the dis-
continuous stator and the resulting pulsating magnetic field, and the 
relative newness of electromagnetic pumping, the discontinuity phenomenon 
and magnitudes of the losses incurred as a result are not adequately un-
derstood. RBsearch in this area should produce a better ability to pre-
dict performance characteristics of electromagnetic pumps than currently 
44 
exists. 
The investigation of side bar effect and duct modification on the 
performance charact~ristics of the linear. induction pump as summarized 
in this report by no means exhausts the possibility of further research 
...... 
in this area. The study of eddy current distortion of the magnetic 
field, effect of change in the number of poles, and effect of pole pitch 
·, 
on the pump performance . characteristics are but a few of the mariy varia-
bles .that need to be studied in order to further the understanding and 
development of electromagnetic pumping. 
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I X. APPENDIX 
The pressure drop of mercury through each pump duct was calculated 
from pressure drop measurements made with water. Equivalence of the 
frictional coefficient in a pump duct for water and mercury was estab-
lished by equivalence of the Reynolds number 
where 
p = density 
v = velocity 
f.ev~l = 
L J.L JH 0 
2 
d • equivalent p~p duct diameter 
p. = viscosity 
(21) 
Because pressure loss calculations for mercury in a pump duct were 
made from pressure drop measurements in the same duct, the equivalent di-
ameter remained the same for either fluid. Thus, 
v 
Hg 
(22) 
Each fluid can be considered as incompressible at the 1~~ pressures 
involved and from the continuity equation for incompressible fluids the 
flow rates are directly related to the fluid velocities. 
Q = QH 0 Hg 2 (23) 
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From the Darcy formula for each fluid 
H • 
where 
H = head loss 
f • frictional coefficient 
1 • length of tubing 
d = equivalent pump duct diameter 
v • velocity 
g • acceleration of gravity 
the pressure drop is given by 
with 
where 
w = specific weight 
Thus, 
~p = H w 
w - p g 
2 ~p • f ~ !_.. p 
d 2 
(24) 
(25) 
(26) 
(27) 
Equality of the frictional coefficient at equal Reynolds number pro-
vides a means of relating the pressure drops of the two fluids. 
(28) 
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Combining equation (22) and (27) yields 
[~P]Hg • [~P]H2o [:~j [:::J (29) 
Equation (29) was the expression used to calculate the pressure drops in 
the pump ducts for mercury from the pressure drop measurements made with 
water• 
